Whey protein concentrate (WPC) films incorporated with a blend of Cinnamomum cassia, Cinnamomum zeylanicum, and Rosmarinus officinalis essential oils were characterized and evaluated for their effectiveness as an antioxidant for food applications. The effect of the incorporation of essential oils (EOs) at different concentrations (1, 2, 2.7, and 5% w/w) in WPC were studied by measuring their physical, optical, mechanical, and microstructural properties, in order to evaluate their behavior as a food packaging. The effectiveness of these active WPC films as a packaged was evaluated using a fatty food model (salami). The state of the salami oxidation was measured by the TBARs and hexanal assays during 180 days of storage. A yellowish characteristic color and opacity of WPC-based films tend to increase with the increase of the EO concentration in the film formulation. While films containing 1 and 2% of EOs showed to be the most hydrophobic and present the lowest moisture content and solubility in water, films with higher EOs % (2, 2.7, and 5%, w/w) presented the highest water vapor transmission rate. The developed WPC active films showed to be heterogeneous, presenting cracks and pores due to the weakening of the polymer chain interaction forces by the EOs, which affected their mechanical behavior.
sports supplementation. Consequently, WPC-based films, besides being an edible product, are biodegradable and, by extension, environmental friendly. These films have been reported to have good oxygen and aroma barriers at relatively low humidity. In addition, they are transparent and flexible. Their efficiency is only compromised against moisture because whey protein is a hydrophilic protein. 2, 3 With technology advances, active packaging has emerged. This type of packaging interacts with the product and is intended to extend its shelf life, maintaining or improving the properties of the packaged food. The packaging materials used in these systems can be designed so that certain components can be incorporated. Thus, the substances responsible for the active function of packaging might be directly incorporated into the packaging material. 4, 5 Several substances can be responsible for the active function of packaging, such as essential oils (EOs). 6, 7 They may be used as food additives to prolong the shelf life and maintain the food's quality for an extended period of time. EOs can be extracted from all parts of aromatic plants and are characterized by having a strong sensorial impact, making difficult their direct application into foods. 8 An EO is composed by a complex mixture of volatile compounds with several biological properties, such as antioxidant and antimicrobial activities. 9, 10 The use of EOs in food may reduce or replace the application of synthetic antioxidants meeting the consumers' demand for more natural products. 11 Rosemary and cinnamon EOs are natural preservatives with highly interesting biological properties such as antioxidant and antimicrobial activities, and they have been approved by the FDA and the European Commission as natural food additives. 2, [11] [12] [13] [14] [15] The incorporation of these oils in an edible and biodegradable WPC film can be an effective method in the protection of foods against lipid oxidation, which is responsible for loss of food quality, especially in fatty foodstuffs. Lipid oxidation reactions can alter the organoleptic properties of foods, leading to the formation of unpleasant flavours and/or odours and potential toxic compounds. Lipid oxidation also changes the nutritional value and reduces the shelf life of products. 16 The lipid oxidation can be assessed by the determination and quantification of the formed oxidation compounds, such as malonaldehyde (MDA), formed as a result of the fat acids degradation, and volatile compounds such as hexanal, correlated with flavor modifications.
The thiobarbituric acid reactive substances (TBARS) assay is based on the spectrophotometric measurement of a complex formed by the reaction between TBA and MDA. On the other hand, hexanal is an aldehyde formed during lipid oxidation, considered to be an indicator of this natural chemical reaction once it is the dominant formed aldehyde. Hexanal is the aldehyde responsible for the organoleptic changes in fatty foods. Both methods are widely used to evaluate the extent of lipid oxidation in meat products. [17] [18] [19] [20] Several EOs were incorporated in packages for food applications as antimicrobial and antioxidant agents, such as winter savory, cinnamon, oregano, clove, pimento, lemon, thymes, ginger, turmeric, plai, and rosemary. [21] [22] [23] [24] [25] [26] In addition, the combinations of EOs may increase their spectrum of action due the possibility of synergism, resulting in the most effective package in the protection of foods against lipid oxidation and microbial contamination. 26 The objective of this work is the incorporation of a blend of 2 cinnamon species (Cinnamomum cassia and Cinnamomum zeylanicum) and rosemary (Rosmarinus officinalis) EOs in a WPC-based film with the purpose of increasing the shelf life of a processed meat product, salami. Characterization of the active films was carried out by evaluation of their physical, optical, mechanical, and microstructural properties. The effectiveness of the new active film against lipid oxidation was evaluated by the TBARS assay and monitorization of hexanal content during food storage.
| MATERIAL AND METHODS

| Material
Whey protein concentrate (82.80% protein) was obtained from
Glanbia Nutritionals (Fitchburg, USA), and glycerol was acquired from
Sigma-Aldrich (Madrid, Spain).
Cinnamon (C. zeylanicum Blume and C. cassia (L.) J. Presl) and rosemary (R. officinalis L.) EOs extracted by distillation method were purchased from Ferquima® (Ferquima Indústria e Comércio Ltda, Vargem Grande Paulista, São Paulo). The blend of these EOs was composed by 51% of C. zeylanicum, 34% of C. cassia, and 15% of R.
officinalis and stored in a dark container at 5°C until used. 27 The sliced salami (approximately 7 cm of diameter and 0.35 cm of thickness) was obtained from a local store in Lisbon, Portugal, and stored, protected from light, at −20°C until used.
In order to have a sample as homogeneous as possible and because the whey protein films were not made on the same day, all the salami slices had to be frozen until further use in other to preserve their nutritional value and their oxidative state. Only the quantities of salami slices required for wrapped with the WPC films were unfrozen.
| Whey protein-based active film preparation
A solution was prepared by WPC (8%, w/w of protein) homogenization under continuous magnetic stirring in distilled water, following the procedure reported by Bahram et al (2013) , with adaptations. 2 The pH was adjusted to 7.0, using 1 M NaOH. Subsequently, the solution was heated in a water bath (Memmert, Schwa bach, Germany) at 80°C for 30 minutes to denature the protein. The solution was rapidly cooled to room temperature (+/− 23°C) in an ice-water bath. Glycerol was added at ratio of 1:1 (protein:glycerol) and mixed into the solution.
Afterwards, the blend of EOs at 1, 2, 2.7, or 5% (w/w) was added to the formulation and homogenized using an Ultra-Turrax (IKA DI 25 
where W i = initial dry film weight (g) and W f = final dry film weight (g).
| Light transmission and film transparency
The ultraviolet (UV) and visible light barrier properties of the films were measured on dried films at selected wavelengths between 200 and 800 nm, using a UV-VIS spectrophotometer (Shimadzu UV-2401 PC, Japan) based on the procedure described by Han and Floros (1997) . 29 Transparency of the films was determined at 600 nm and calculated by Equation 2.
where A 600 is the absorbance at 600 nm, and X is the film thickness (mm). At least 5 strips of each film type were tested. The greater transparency value shows the lower transparency of film.
| Film color
Color of films at the air surface was determined with a UV-VIS spectrophotometer (Shimadzu UV-2401 PC, Japan), using the CIELab color scale employed to measure the degree of lightness (L), redness (+a)
or greenness (−a), and yellowness (+b) or blueness (−b) of the films, under D 65 (daylight) at 10°(viewer conditions). L*, a*, and b* values were averaged from 5 readings for each sample; total color difference (ΔE) and whiteness index (WI) were calculated according to Equations 3 and 4, respectively. At least 5 strips of each film were analyzed.
where, ΔL*, Δa*, and Δb* are the differentials between a sample color values with EO and the film control (without EO).
| Contact angle measurement
Contact angle (CA) of films is one of the indicators of hydrophilicity and hydrophobicity. The CA value is used to estimate the resistance of the films to water 30 : the higher the CA value, the higher is the surface hydrophobicity. 31, 32 According to Vogler (1998) , hydrophobic surfaces are those that θ > 65°whereas, hydrophilic surfaces θ < 65°. 33 The CA was used to estimate the surface hydrophobicity of the films, and it was measured using a goniometer (Contact angle system OCA 20 Dataphysics, Gemany). Contact angle measurement of the water on a horizontal film surface was carried out using an image software. Distilled water (3 μL) was dropped on the film surfaces with a precision syringe. The image of the drop, initial (taken by 0 second) was recorded with a video camera. At least 6 measurements per film were carried out and the mean value taken.
| Water vapor transmission rate
Water vapor transmission rate (WVTR) of films was gravimetrically determined by ASTM E96-00. 34 The films were cut into circles with a diameter slightly larger than the diameter of special circular aluminum cups, with diameter of 7 cm and a depth of 1 cm. The cup was filled with anhydrous calcium chloride desiccant (0% RH) and covered with the film disc. The film was sealed onto an aluminum cup with paraffin to hold the film in place. The whole system was then placed in a desiccator, equilibrated at 75% RH, containing a saturated sodium chloride solution. The cups were weighed at certain intervals of time,
and linear regression analysis of weight gain versus time (day) was plotted to obtain the slope (r 2 ≥ 0.99). The measured WVTR of the films was calculated using Equation 5 .
where G/t (g water / day) is the slope (weight versus time plot) and A is effective film area (m 2 ). WVTR was measured for 3 independent samples of each film (n = 3).
| Mechanical properties
Tensile strength (TS) and elongation at breaking (EB) of whey protein- 
| Fourier transform infrared (FTIR) analysis
The spectra of the films were obtained under attenuated total reflectance (ART) mode at wavenumber range of 400-4000 cm −1 at a resolution of 4 cm −1 using a Fourier transform infrared spectrometer (JASCO FT/IR-4700). Prior to analysis, film samples were conditioned in a desiccator containing silica gel for 2 weeks at room temperature to obtain the dehydrated films. The spectra were recorded on absorbance mode, and for each spectrum, 64 scans were co-added. Three replicates were collected for each film surface sample.
| Packaging of salami
The salami present an average composition varied from of 31 to 59%
for fat content, 4.7 to 6.6 for pH, and 0.780 to 0.970 for water activity.
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The studied salami was from a commercial brand. The salami presented the following ingredients: pork, pork loin, gelatin, milk powder, corn syrup glucose, soy protein, spices, and salt. In its constitution, some food additives were present: E-250 (sodium nitrite), E-252 (potassium nitrate), E-316 (sodium erythorbate), and E-120 (carminic acid). The nutritional value was (for 100 g) 352.7 kcal, 23.5 g protein, 26 .5 g of total lipids, 4.9 g of carbohydrates, and 3.9 g of salt.
All salami slices had the same freezing conditions to avoid any possible changes (−20°C). The necessary slices were unfreeze for use, and, after packed with the active film, the salami was refrigerated (5°C).
Salami slices (approximately with 10 g each slice, 7 cm of diameter, and 0.35 cm of thickness) were wrapped (film-salami-film) with WP films containing different amounts of EO blend: control film (without EO blend) and films with 1, 2, 2.7, and 5% (w/w) of EO blend. The active film (thickness ranging from 0.34 to 0.45 mm depending on the concentration of the EO in the films) had the same size of the salami slices, and they were placed on both sides of the salami slice.
The salami wrapped in WPC film was also vacuum packed in bags of polyethylene (PE). PE bags are flexible and transparent, present high water vapor, and no good gases (CO 2 , O 2 , N 2 ) barrier properties. PE bags are permeable to oil and fat. 37 All prepared samples were stored at 5°C, protected from light. Results were expressed in mg MDA per kg of salami (mg MDA kg
).
| Statistical analysis
Results were expressed as means ± standard deviation of at least 3
replicates. Differences among samples were tested by analysis of variance (ANOVA) followed by Tukey's test. All statistical analyses were tested at 0.05 level of probability, using the software STATISTICA® 10.0 (Statsoft Inc. 2325, Tusla, OK). Control film (without EOs) and films with the EO blend were easily removed from the casting plates. The appearance of the 2 sides of the films was different in both films. The film side facing the casting plates was dull while the other one was shiny. Differences in the both sides of films were also reported, in previous studies, by Kokoszka et al (2010) 41 and Ramos et al (2012; 2013) 42, 43 for the same whey protein-based films. According to Ramos et al (2012) , this difference may be due to a phase separation during the drying process of the films. 42 After contact with the salami, the films presented points of reddish color that is a feature of the packaged product. showed numerous small holes and small cracks. As the water evaporates at the top, faster drying rates result in a structure with smaller pores 44 ( Figure 1A-C) . While lower surface (in contact with the casting dish) exhibited roughness's as well as smaller pores.
Nevertheless, the microstructure of the films containing EO blend showed many pores and surface structure ( Figure 1D -K), which might be attributed to the evaporation of the EOs during the drying process.
In fact, these spaces were filled by EO blend, which evaporated from the surface, as observed also by Jouki et al (2014). 45 It could be responsible for increasing moisture permeability through the film.
Pores and cracks were more evident in the film with 5% of EO blend.
Due to this, the water vapor diffusion was favored, reducing the barrier to water vapor in this film. Bahram et al (2014) reported the same structure for WPC-based film containing cinnamon EO. 2 Additionally, film with the EO blend had heterogeneous and rougher surface, with discontinuities associated with the formation of 2 phases (protein and lipid) in the matrix, indicating a lack of integrity due to weaker protein-EO interactions and miscibility between the film network and other components. 46 Similar observations were made for WPI-based film incorporated with almond and walnut oils. 3 At low oil concentration, the effect of the overall increase in the hydrophobic nature of the matrix could prevail over the effect of the loss of matrix cohesion, whereas did not occur at high EO content. 46 The higher irregular character of film surface may also be associated with the molecular aggregation of lipid molecules during the drying step that occurs upon increased oil content. 3 The film cross section showed that EO droplet to the coarser shape is focused on the air side of films for all films with EOs, indicating the lack of integrity between EO molecules and WPC, as well as showing that emulsifying nature of the protein was not sufficient to stabilize oil droplets in the film-forming emulsions (oil upper surface); this is evident in Figure 1G .
It was also observed that the number of oil particles accumulated increased at the highest EO blend content. This is related to the flocculation of oil particles on the surface of films. This phenomenon was also related by Atef, Rezaei, and Behrooz (2015) in agar-cellulose bionanocomposite films with savory EO. 47 In addition, when oil concentration increased in the formulation, the polymer chains might be weakened because of greater molecular contact between the film solution and EOs, making the matrix more open, and consequently creating cracks in the sample. This could increase WVTR and decrease TS of the films. 46 The oil globules are more concentrated on the air side, because film retraction during drying induces changes in its structure, which becomes denser, and the oil migrates towards the air side, favoring aggregation and coalescence. Not using emulsifier allows greater emulsion destabilization during drying, favoring oil migration towards the surface, and tending to form a bilayer-type film. 41 The oil is not well distributed throughout the film on both sides. A clear difference between the 2 sides of film (lower surface and upper surface) can be noticed. Different surfaces are commonly observed if the films that have been dried in contact with air, with the bottom of the films in contact with the casting support essentially smooth while the top surface is usually rougher due to the drying process occurring in contact with the air. 46 Essential oil particle size and their distribution are affected by the type of EO/EO blend and the amount used, according with Peng and Li (2014). 26 Galus and Kadzińska (2016) reported that the particle size increases with the films with a higher oil percentage. On the homogenization process, the WPI forms a foam that, due to the presence of the oils, decreases and, in consequence, the migration of the oils particles increases causing a higher heterogeneity on protein matrix films. Fourier transform infrared (FTIR) analyses are presented in Figure 2 .
Films with and without the addition of different EO blend levels showed the similar major peaks, but the amplitudes of peaks varied. While, spectral region between 1400 and 1550 cm −1 is associated to N-H bending (amide II).
49,50,52
The spectral range at 800 to 1150 cm −1 , corresponding to vibrations of C-O bonds, is attributed to absorption bands of glycerol and C-H in aromatic rings from EOs. However, the highest levels of EOs in the film (WP2, WP2.7, and WP5)
50,53
| Physical properties
showed the highest WVTR value (Table 1 ). According to Atarés et al FIGURE 2 FTIR absorbance spectra of control film (without essential oil) and WP film incorporated with 1, 2, 2.7, and 5% (w/w) of essential oils blend (2010), it cannot be assumed that the WVTR of films is reduced simply by adding a hydrophobic component to the formulation. 55 The extent of reduction of water vapor is strongly depending on the EO type, concentration, and particle size distribution, which can be correlated with homogenization method. As long as the lipid droplets are small and homogeneously distributed within the film thickness, the barrier efficiency of emulsion-based films tends to increase. 3, 56 Additionally, water vapor permeation can also be affected by film microstructure and the presence of pores that could facilitate the water vapor migration, as confirmed by SEM analysis. The distinct compositions of EOs could be responsible for the difference in the WVTR and depends on the hydrophilic-hydrophobic ratio of film components. 57 Still, the difficulties in integrating the lipid in the hydrophilic network may cause matrix disruptions and create void spaces at the protein-lipid interface.
The impact of the lipid addition on the microstructure of the emulsified film is a determining factor in water barrier efficiency. 55 Due to the greater polarity of EO components, this probably may partially account for the higher solubility of the film incorporated with EO. 58, 59 Solubility in water (SW) is an index of the film hydrophilicity; 58 it is an indicator of the resistance of the film to water. 47 The results of SW showed that the films dissolved in water had visual loss in integrity or broke apart after 24 hours of immersion. Plasticizers, as glycerol, increase water solubility of protein film, due their higher hygroscopicity. 44 This agrees with SW results found for the control film that showed a high solubility. But, films with EO (WP1 and WP2) reduced the SW values due to the presence of oil blend, a hydrophobic component. However, a significant (P < 0.05) increase in SW values was observed when adding 2.7 and 5% of EO blend in the matrix of the WP film that may be attributed to the establishment of protein-EO interactions which weaken the interactions of the polymeric network 23 and limit the interaction of glycerol with the protein matrix. 60 SW values were the highest for films with high EO concentrations (2.7
and 5%, w/w), exhibiting high hydrophilicity, as confirmed by CA assay, and present higher amount of cracks, observed by microstructure analyses, similar to that reported by Aguirre, Borneo, and Leo (2013) for protein films incorporated with oregano EO. 60 Moisture content (MC) of WPC films with EO blend is shown in 45 This may be attributed to breakup of film network, which increases the amount of water molecules which were present between polymer chains by hydrogen bonding. 45 As previously observed in the SEM images (Figure 1 ), the use of high concentrations of EO blend (2.7 and 5%) creates several cracks or fractures in the films. This enhances water permeability through the film, and thereby increases the MC, as well as, WVTR.
| Optical properties
Optical attributes are extremely important in the appearance of film, because they directly influence the consumer's acceptability, contributing to the consumer's willingness to buy a particular food product.
In order to compare the differences among prepared films, Tables 2   and 3 report the parameters of light transmission (%), transparency, and color of the films obtained.
Light transmission, in the UV-Vis range, as well as, transparency of films incorporated with EOs at different concentrations, is displayed in Table 2 . All control and active films showed an excellent barrier Mean ± standard deviation (n = 3). Different superscript letters within the same column indicate significant differences from each other (P < 0.05). Mean ± standard deviation (n = 3). Different superscript letters within the same column indicate significant differences from each other (P < 0.05).
property for UV light (range of 200-280 nm) owing to their high content of aromatic amino acids, such as phenylalanine, tryptophan, and tyrosine 62 that absorb UV light. 63 Lower barrier for light transmission in UV range was exhibited for fish myofibrillar protein-based film 64 and for biocomposite film based on fish and chitosan. 65 Transparency values showed that EO content has significantly (P > 0.05) affected the transparency of film (Table 2 ). Film incorporated with 5% (w/w) of EO blend presented the lowest transparency. This result is in agreement with visual observation and in accordance with Hosseini et al (2015) , which also related lower transparency with high EO content. 69 Films based on fish gelatin and chitosan with oregano EO showed lower transparency than those developed in the present study. 69 On the hand, films with WPI were more transparent than films with WPC. 43 Color change of films due to the addition of EOs can be evaluated in Table 3 These results suggested that the incorporation of EOs influenced film color contributing for the intensification of color. However, there are changes that depended on the type and concentrations of EOs incorporated.
| Mechanical properties
Mechanical properties of packaging films are important to maintain their integrity during storage and handling. 71 Mechanical parameters, TS, and EB were studied and are resumed in Table 4 . Fractures took place very rapidly, which were because the films were brittle and weak.
The data agree with SEM images that showed cracks in the microstructure of films, which are responsible for the less strong and tough of whey protein films. The addition of EO blend at a level of 5% (w/w) to whey protein film produced the highest heterogeneous and cracked structure, which was demonstrated by SEM image. It caused a decrease of TS in this film, weakening the film structure, and on the other hand, increases the flexibility compared with WP1, WP2, and WP2.7, due to their plasticizer effect.
Besides, lipid addition induces the development of a heterogeneous film structure, featuring discontinuities induced in the protein In general, the presence of EO in the film can lead to the formation of a weak network structure, resulting in reduced TS and increased EB. 47 This occurs because there is a partial replacement of stronger polymer-polymer interactions by weaker polymer-oil interactions in the film network, when EO components are present. 61 The presence of phenolic compounds in EO blend may result in protein crosslinking during the film casting which may partially account for the increase in mechanical strength. However, TS decreased as the lipid droplet size in the films increased as observed when added 5% of EO blend. 76 According to Ramos et al (2013) , rising plasticizer content increases film elongation because it constrains the establishment of hydrogen bonds between the protein chains, thus increasing intermolecular spacing, and therefore chain mobility. 45 Additionally, as reported by Bonilla et al (2012) , the interruption of the polymer chain aggregation in the matrix by the presence of oil favors the sliding of the chains during film stretching, contributing for plastic behavior. 46 Due to the differences in the interacting with polymer network, The results of the validation of the method to determine hexanal are resumed in Table 5 . Analytical curve was linear over the concentration range (0.05-20 μg mL −1 ). Calibration data presented high determination coefficient (≥ 0.999), indicating suitability for quantification.
The Guidelines of the American Chemical Society (ACS) were used to determine detection limits (defined as the signal 3 times the height of the noise level). 77 LOD and LOQ of hexanal are shown in Table 5 .
Most of the times hexanal is determined by gas chromatography. However, it is possible to find some studies with LC, such as Veloso et al (2001), 78 Xu et al (2010), 79 ) than those shown in this study were found for hexanal by reversed-phase high-performance liquid chromatographic technique (HPLC) method. 18 The same sample was analyzed over 3 consecutive days, using the same reagents and apparatus, to evaluate method intraday and interday precision on the basis of the relative standard deviation (RSD) of hexanal. Intraday and interday precision of the method (expressed as RSD) were lower than 5%. The results revealed a good recovery (111.72%), as shown in Table 5 .
| Evaluation of active film effectiveness against lipid oxidation
The determination of the oxidation degree was carried out in the pack- ones was aroma. According to panelists, the main reason was the strong oregano scent which they were not familiar with in these products.
The taste of the packaged salami was not evaluated after different storage periods. Based on the literature, we think that although the cinnamon it might be perceived but it would not affect the taste at a level that would cause food rejection because it is used at low levels in the packaging and does not migrate totally to the salami. 86 Essential oils are complex mixtures whose toxicity depends on the effects among their constituents and it is difficult to predict. 87 Regarding the EO safety, the serious cases of poisoning from EOs are consequence of ingestion of undiluted EOs in amounts much above therapeutic doses. Some adverse reactions were reported for cinnamon, not always defined as cinnamon bark oil, including cheilitis (from chewing gum), stomatitis, and other oral adverse reactions. In the applied doses, the new active films shall not result in any allergic reactions. 88 
| CONCLUSION
Films incorporating the EO blend were more opaque and with less lightness than control film. The characteristic yellowish color of However, films with higher content of EO blend showed to have a more hydrophilic behavior. These results were complemented with microstructure analysis, which was observed as a heterogeneous, rough, and porous surface. The addition of an EO blend to whey protein films did not result in films with improved mechanical or barrier properties. Nevertheless, the results also suggest that whey protein film might be able to retard lipid oxidation.
In fact, incorporation of an optimal EO blend demonstrated that the application of bioactive films can reduce the lipid oxidation phenomenon of meat products, extending their shelf life while releasing natural antioxidants to their surface. This shows the possibility of using these natural compounds in packaging food products.
Whey protein is a food packaging material that meets the environmental appeal for recyclable and biodegradable packaging. Moreover, the use of EOs as natural additives promotes consumer health by the reduction or replacement of synthetic additives.
